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Abstract 
 
 Compressor transition ducts, 
also referred to as S-shaped ducts, 
are used to connect the low- or 
intermediate-pressure compressor 
(LPC) with the high-pressure 
compressor (HPC) in 2- and 3-spool 
turbofan engine configurations 
respectively. This paper focuses on 
studies on a concept which aims to 
shorten the compressor module by 
introducing aerodynamically 
lifting/turning struts in the 
compressor transition duct. This 
concept is labeled fully turning, 
as the struts in the duct assume 
the complete aerodynamic function 
of the last row of stators of the 
LPC. Through CFD analysis and low-
speed experimental evaluation, this 
concept is further developed with 
promising results. It is shown that 
there is potential to reduce the 
length of the compressor module by 
25% of the duct length through 
elimination of the last stator row 
in the LPC, whilst providing 
comparable or improved aerodynamic 
performance compared to a 
conventional configuration. This 
paper presents a combined 
experimental and numerical study 
where a fully turning concept 
(without LPC OGV, having 45 deg 
turning in the duct) is compared 
back-to-back with a moderately 
turning concept (with an off-loaded 
LPC OGV and 20 deg turning in the 
duct). Numerical analysis of a 
conventional duct configuration 
(where the OGV remains, with 
symmetrical non-turning struts) is 
used as baseline. 
 
Nomenclature 
 
A Area 
   Static pressure coefficient 
Cx Axial chord 
D Compressor diameter 
H Height or total enthalpy 
L Length 
m Mass flow 
M Mach number 
N Rotational Speed 
P,p Pressure (total, static) 
q Dynamic pressure, q = P-p 
R Radius 
T Total temperature 
Tmax Airfoil maximum thickness 
U Blade speed 
V Velocity,               
α Swirl angle or kinetic energy 
coefficient 
γ Intermittency 
θ Boundary layer momentum 
thickness 
  Total pressure loss 
coefficient 
ψ  Work coefficient, ψ =H/U2  
 Flow coefficient,  Vx/U 
 
Subscripts 
in Inlet 
out Outlet 
 
Abbreviations 
GKN GKN Aerospace Engine Systems 
HPC High Pressure Compressor 
ICC Intermediate Compressor Case 
LPC Low/intermediate Pressure 
Compressor 
LU Loughborough University 
OGV Outlet Guide Vane 
OTM Over Turning Moment 
RR Rolls-Royce plc  
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Introduction 
 
 This paper presents the design, 
testing and validation efforts of 
an S-shaped compressor duct (also 
known as swan- or goose-neck duct) 
with aerodynamically 
lifting/turning struts.  
 
The efficiency of modern turbofan 
engines is improved by splitting 
the compression system into two 
parts; a low/intermediate-pressure 
compressor (LPC) and a high-
pressure compressor (HPC). The 
intermediate compressor case (ICC) 
connects the LPC to the HPC, and is 
also a structure providing engine 
mounts. Hence the ICC is subject to 
strict structural requirements. In 
addition to their structural radial 
support, the ICC struts also serve 
as passages for oil and air 
transport. Aerodynamically the ICC 
connects the LPC and HPC via an S-
shaped transition duct in order to 
accommodate the difference in 
radius as seen in Figure 1. 
 
 
Figure 1. The ICC S-shaped duct 
connecting the LPC and HPC. 
In 2011 Wallin et. al.1 presented a 
numerical proof-of-concept study on 
a duct with a fully turning strut 
configuration. The research in 
turning struts at GKN has since 
then focused on making the concept 
more engine and production 
realistic. An enhanced design is 
proposed and investigated both 
experimentally and numerically in 
this paper. Figure 2 shows the 
conceptual layout compared to a 
conventional configuration. 
 
 
Figure 2. Meridional view of a 
conventional (top) and a fully turning 
(bottom) configuration, as presented by 
Wallin et al.
1
. 
The testing was carried out at 
Loughborough University (LU) in a 
low-speed single-stage compressor 
rig. This facility has been used 
extensively over the past 20-30 
years for S-shaped duct research. 
Britchford conducted a number of 
fundamental studies2. Studies on 
aggressive duct design were 
performed in the EU FP6 project 
AIDA by for example Walker et. al.3. 
In the NEWAC project, ducts for 
inter-cooled engine architectures 
were studied by Walker et. al.4. An 
initial experimental study on 
lifting interduct aerodynamics was 
presented by Walker et. al.5, as 
part of a collaboration between RR, 
LU and GKN. With the financial 
support from the EU FP7 project 
LEMCOTEC (Low Emission Core Engine 
Technologies), these three partners 
have been studying aerodynamically 
lifting interducts experimentally 
and numerically since 2011. The 
work reported on in this paper was 
also performed as part of this 
LEMCOTEC collaboration. Following 
the initial work by Walker et. al.5, 
testing of two different compressor 
ducts with turning struts were 
performed at LU: 
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• LEM1 is a moderately (~20 deg) 
turning strut configuration. This 
configuration has 8 turning struts 
and off-loads the last OGV row by 
performing almost 50% of the rotor 
exit de-swirling in the duct. 
• GKN1 is a fully (~45 deg) 
turning strut configuration with 8 
struts + 8 splitter vanes. It 
enables the removal of the upstream 
compressor OGV row by completely 
performing the aerodynamic work of 
the OGV inside the duct. 
 
A conventional configuration, 
called D0, was also investigated 
numerically to provide baseline 
input for concept comparisons. It 
has 8 symmetric struts and a 
representative row of OGVs upstream 
providing 45 deg turning at ADP 
resulting in a non-swirling duct 
inlet flow. The conceptual design 
investigated and reported on in 
this paper is the GKN1. Data and 
results from LEM1 and D0 are 
occasionally used for comparison. 
GKN1 and D0 were designed by GKN, 
the compressor stage was designed 
by RR and the experimental work was 
carried out by LU. LU also designed 
the LEM1 duct. 
 
 
Experimental Methodology 
 
Test Facility 
All experimental data were obtained 
on the low-speed test facility used 
by Walker et al.3 (Figure 3). The 
facility is operated at nominally 
atmospheric conditions with air 
drawn into a large inlet plenum 
above the vertically mounted 
facility. The flow passes through a 
honeycomb flow straightener and is 
accelerated over a bell-mouth 
intake section prior to passing 
into the test section. This 
comprises a single stage axial 
compressor with inlet guide vanes 
and a rotor upstream of the S-
shaped duct. The rotor was operated 
at a fixed non-dimensional mass 
flow condition (m√(T)/AP) and speed 
(ND/(RT )) corresponding to a 
flow coefficient (Vx/U) of  = 0.55 
and a work coefficient (H/U2) of ψ 
= 0.3 giving a mass flow of 
approximately 4.6 kg/s with a 
nominal rotor exit swirl angle of 
45°. The stage duty is typical of 
current engine designs and, for the 
test rig, resulted in an axial 
velocity through the blade rows of 
approximately 33 m/s (M~0.1). 
Downstream of the duct the flow 
passes through a throttle into a 
sub floor plenum and then through a 
centrifugal fan before exhausting 
to atmosphere. The combination of 
the throttle and the centrifugal 
fan within the exhaust system 
ensure that the compressor is 
maintained on the desired operating 
condition. Furthermore, this also 
allows testing to be performed at a 
number of off-design points with 
flow coefficients in the range 0.50 
<  < 0.66. 
 
 
Figure 3. Test rig photograph, Walker 
et al.
3
. 
Instrumentation 
Information on the mean flow field 
was obtained using 1.75 mm diameter 
miniature five-hole pressure probes 
suitably calibrated and employed in 
a non-nulled mode. Measurements 
were performed on the traverse 
planes shown in Figure 4. Each 
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plane was aligned normal to the 
duct centerline and movement of the 
probe, across the annular passage, 
was obtained using a linear stepper 
motor. Circumferential movement was 
obtained by mounting the IGV and 
OGV rows within carrier rings such 
that the blade rows could be 
indexed circumferentially. Thus at 
each plane area traverses can be 
performed corresponding to one 
repeatable OGV space consisting 
typically of 21 radial and 29 
circumferential points, clustered 
in regions to capture the boundary 
layer and wake flow. 
 
 
Figure 4. Duct test section and 
traverse planes. X2 is the rotor exit / 
duct inlet and XH the duct exit plane. 
Data Reduction, Analysis and Error 
All measurements were corrected to 
standard day conditions. The 5-hole 
probe area traverses provided local 
total and static pressures in 
addition to the velocity vector. At 
a given plane, spatially averaged 
values were obtained through 
suitable averaging techniques. The 
spatially averaged velocity normal 
to the traverse plane (  ) was area 
weighted whilst the total pressure 
(  ) was mass-weighted: 
 
        
 
 
     ;     
 
 
  
 
 
 
 
  
 
 (1) 
 
Where α is the kinetic energy 
coefficient and compares the 
kinetic energy flux of the actual 
profile to that of a uniform 
profile with the same mass flow. 
Changes in the spatially averaged 
pressures between any two planes 
can then be expressed in terms of a 
total pressure loss ( ) and static 
pressure rise coefficient (  ), with 
the change in pressures being non-
dimensionalised by a suitable 
reference dynamic pressure.  
 
   
          
    
             
          
    
 (2) 
 
The general accuracy of the rig hub 
and casing dimensions was measured, 
typically, to be of order 0.1 mm 
and at each traverse plane the 
traverse height was also measured 
and found to be within 0.2% of that 
specified. The positional accuracy 
of the 5-hole pressure probe was 
within 0.1 mm radially and 0.1° 
circumferentially and the pressures 
measured were estimated to be 
accurate to within 1%. The total 
velocity of the flow was obtained 
from the dynamic pressure, and 
hence the accuracy of the local 
velocities was within ±0.5%. While 
the pitch angle of the flow was 
determined from the calibration of 
the probe, additional errors in yaw 
angle could arise associated with 
the ability of the user to align 
the probe with the rig centerline. 
It is estimated that this could be 
set to within 1°, and this level of 
accuracy was reflected in the 
measured swirl angles and 
circumferential component of 
velocity. In addition to the errors 
associated with the local 
measurements it was estimated that 
the mass weighted total and static 
pressures at a given traverse plane 
were repeatable to better than 10 
Pa. The calculated mass flows at 
each traverse plane, derived from 
the velocity measurements, were all 
within 2.5% of each other. 
 
 
Duct and Strut Design 
 
 The GKN1 duct and airfoils were 
designed by GKN. Table 1 presents 
some of the most important GKN1 
characteristics. L is the duct 
axial length, Hin is the duct inlet 
height, Aout/Ain is the duct area 
ratio, Ain,eff is the effective inlet 
area taking the swirl angle into 
account, ΔR is the inlet to outlet 
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mean radius difference, Cx is the 
strut axial chord and Tmax is the 
strut maximum thickness. As 
mentioned previously the most 
noticeable difference between a 
conventional configuration (like 
D0) and GKN1 is the removal of the 
OGV row. This leads to a compressor 
module length reduction equal to 
one OGV axial chord, which 
corresponds to ~25% of the duct 
length. 
 
Table 1. GKN1 non-dimensional 
characteristics. 
Non-dim. Length L/Hin 5.0 
Area ratio Aout/Ain 0.75 
Effective area ratio 
Aout/(Ain cos(αin)) 
Aout/Ain,eff 1.06 
Aspect ratio ΔR/L 0.50 
Strut thickness-to-
chord ratio 
Tmax/Cx 19% 
 
The baseline conventional design 
D0, contains 8 symmetric structural 
struts. The LEM1 also contains 8 
struts, which do approximately 20 
degrees turning. In order to 
achieve the required 45 deg turning 
at ADP in the GKN1 design, it was 
found that 8 airfoils would be 
insufficient. For ICC structural 
integrity reasons, it was decided 
to stay with 8 structural struts 
for GKN1 and to add 8 thin splitter 
vanes, one in each strut passage, 
as seen in Figure 5. Strut and 
splitter vane leading and trailing 
edge thicknesses and shapes were 
restricted to comply with engine-
realistic manufacturing 
requirements. The final design pre-
test CFD and a number of conceptual 
studies were performed by 
Bergstedt6. In reviewing the concept 
before detailed aero-design, both 
structural and manufacturing 
aspects were considered, whilst the 
main focus was on the aerodynamic 
aspects. GKN1 was designed to meet 
four aerodynamic requirements 
listed in Table 2. 
 
Figure 5. The GKN1 duct (casing surface 
blanked for better visualization). 
 
Table 2. Aero-design requirements. 
Title Target Description 
Residual 
swirl 
           The duct exit 
residual swirl should 
be close to zero over 
the compressor 
operating range. 
ADP 
perfor-
mance 
At ADP 
the loss 
level is: 
          
The design should 
have equivalent or 
lower total pressure 
loss than a 
conventional OGV + 
symmetrical strut 
arrangement. 
Off-
design 
perfor-
mance 
Robust 
operation 
for 
incidence 
range: 
Δ    
        
Large-scale 
separation and 
excessive total 
pressure loss at 
compressor part-speed 
should be avoided.  
Exit 
flow 
None 
expli-
citly 
stated 
The flow exiting the 
duct and entering the 
HPC should be 
acceptable in terms 
of circumferential 
and radial 
distortion.  
Upstream 
distor-
tion 
At ADP 
the 
variation 
is: 
    
         
The turning strut 
arrangement should 
not cause detrimental 
upstream distortion 
in terms of excessive 
non-uniform work or 
in terms of rotor 
blade forcing. 
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In addition to the aerodynamic 
assessment of the turning strut 
technology, initial work has been 
done at GKN concerning ICC 
stiffness impact. In short this 
initial study concludes that 
introducing turning struts has the 
following impact: 
• Radial stiffness - small impact 
• Axial/OTM stiffness - large impact 
 
The baseline configuration used in 
this initial study performs very 
well when it comes to axial 
stiffness (well above requirement). 
If this performance is required for 
a turning strut configuration a 
significant weight penalty is 
expected. If a lower axial 
stiffness (in line with the 
requirement) is sufficient, the 
weight penalty is expected to be 
small. 
 
 
Numerical Setup 
 
 Figure 6 shows an overview of 
the computational domain used for 
post-test CFD of the GKN1 duct.  
 
 
Figure 6. Overview of the computational 
domain used for GKN1 post-test CFD. 
The meshing was performed using GKN 
in-house design practice for 
scripted meshing. Figure 7 shows 
part of the surface mesh and close-
ups on the leading and trailing 
edge regions at mid-span of the 
strut and splitter vane. In the CFD 
analysis performed, the duct 
boundary layers have been fully 
resolved and a y+<1 for all aero-
surfaces obtained. In the upstream 
components a y+~30 was obtained. 
 
 
 
 
 
  
Figure 7. Hub, strut and splitter vane 
surface mesh (top). Mid-span LE region 
mesh of strut (mid-left) and splitter 
vane (mid-right). Mid-span TE region 
mesh of strut (bottom-left) and 
splitter vane (bottom-right). 
The numerical analyses were 
performed using the commercial flow 
solver ANSYS CFX. The solver was 
run in steady state mode with the 
k-ω SST turbulence model applied 
and automatic wall treatment used. 
The γ-θ transition model was 
switched on, but did not have a 
significant impact on the results. 
GKN gas data for air was used. 
Convergence was assured by running 
the solver until the RMS value of 
all residuals reached a constant 
level. Duct loss coefficient and 
mass flow were also monitored and 
ensured to have reached a constant 
value before stopping each 
analysis.  
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Results and Discussion 
 
 The primary objectives of these 
tests were to: 
• Perform a first set of 
experimental tests of turning 
struts for proof-of-concept 
• Validate design and analysis 
methods for compressor ducts with 
turning struts 
 
The tests were performed at five 
different operating conditions, as 
presented in Table 3. All tests 
were run at constant rotational 
speed (2000 RPM) and the flow 
coefficient was changed by 
throttling, i. e. adjusting the 
mass flow. 
 
Table 3. Compressor operating 
conditions. 
Name 
Flow coeff. 
(= Vx/U 
Rotor exit / duct 
inlet swirl (αin) 
Low2 0.50 50 deg 
Low1 0.52 48 deg 
ADP 0.55 45 deg 
High1 0.61 40 deg 
High2 0.66 34 deg 
 
Technology Validation 
According to the experimental data 
acquired in the GKN1 configuration, 
the design behaves as expected and 
as predicted by pre-test CFD. It 
also meets the design requirements 
stated in Table 2. The average duct 
exit swirl angle is within ± 1.0° 
for all operating conditions 
investigated. Figure 8 compares the 
loss for GKN1 and LEM1 over the 
range of operating conditions. The 
loss coefficient is calculated 
based on rotor exit to duct exit 
conditions using equation (2). The 
two configurations are very 
comparable in terms of loss at ADP 
( = 0.55). GKN1 performs best in 
the range 0.5 <  < 0.61 and LEM1 is 
better for  = 0.66. 
 
While LEM1 was designed according 
to conventional spacing rules for 
compressor ducts, the GKN1 duct and 
strut arrangement was designed to 
minimize the upstream static 
pressure distortion. As seen in 
Figure 9 this was successfully 
achieved, as the static pressure 
disturbances at rotor exit are 
indeed very low for GKN1. 
 
 
Figure 8. Experimentally determined 
loss coefficient for LEM1 and GKN1 vs. 
flow coefficient and rotor exit swirl 
angle. *CFD results for D0 at Vx/U = 
0.52 is included for reference. 
 
  
  
Figure 9. Rotor exit circumf. static 
pressure variation at 10%, 50% & 90% 
span for LEM1 (top) and GKN1 (bottom). 
The total y-axis range is 0.8qin.  
Method Validation 
Figure 10 shows the experimental 
data and CFD results on loss 
coefficient for GKN1 in the 
investigated operating range. An 
overall under-prediction of loss by 
approximately 10% is seen, which 
agrees well with GKN observations 
for non-turning duct configurations 
in AIDA7. 
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Figure 10. Loss coefficient for GKN1 
vs. flow coefficient and rotor exit 
swirl. CFD results for D0 at Vx/U = 
0.52 is included for reference. 
Figure 11 shows the total pressure 
at duct exit at ADP both as 
obtained in the experiments and as 
predicted by CFD.  
 
 
 
Figure 11. GKN1 exit total pressure at 
ADP. Experimental results (top) and CFD 
prediction (bottom). 
The GKN1 design behaves much as 
predicted by CFD at ADP. However 
the experimental data shows a 
strong vortical structure at 
approximately 75% span. This is 
likely a vortex roll-up clearly 
showing in the experiments, while 
the secondary flow at the strut 
suction side is stronger in the CFD 
and the radial pressure gradient 
pushes the low momentum fluid 
outward until it merges with the 
casing boundary layer.  
 
Figure 12 shows duct exit total 
pressure contours at  = 0.66 (-11 
deg incidence). It shows a high-
loss region, which according to the 
CFD analysis performed could be 
associated with a splitter vane 
pressure side separation, starting 
at the leading edge and reattaching 
at about 50% chord. 
 
 
 
Figure 12. GKN1 exit total pressure at 
Vx/U = 0.66. Experimental results (top) 
and CFD prediction (bottom).  
At increased incidence there is a 
risk for suction side separation. 
Figure 13 shows duct exit total 
pressure contours at  = 0.50 (+5 
deg incidence). Examining the 
corresponding CFD results in 
detail, a small separation was 
found at the strut suction side. It 
does however have negligible effect 
on the duct exit flow. Nothing in 
the experimental data indicates 
separation. 
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Figure 13. GKN1 exit total pressure at 
Vx/U = 0.50. Experimental results (top) 
and CFD prediction (bottom). 
Conclusion 
Based on the experimental results 
and post-test CFD the following is 
concluded concerning the aero-
dynamic function of the GKN1 duct: 
• The design meets all criteria 
stated in Table 2, except for 
robust operation at +10 deg 
incidence (which could not be 
investigated experimentally). 
• At ADP GKN1 has lower pressure 
loss than LEM1. 
• At +5 deg off-design GKN1 and 
LEM1 show similar pressure loss. 
• In test GKN1 shows robust 
performance over the entire 
investigated operating range. 
• LEM1 performs better than GKN1 at 
+5 deg incidence.  
 
Testing at higher incidence angles 
(>+5 deg) would have given more 
reliable information regarding off-
design robustness. Post-test CFD 
also indicates a potential risk for 
splitter vane pressure side sepa-
ration at lower incidence angles 
(<-10 deg). 
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